
NASA CR-72622 J, 

BIPROPELLANT DROPLET BURNING RATES AND 

LIFETIMES IN A COMBUSTION GAS ENVIRONMENT 

G. M. Faeth and R. S. Lazar 

prepared for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
CONTRACT NGR 39-009-077 

Mechanical Engineering Department 

The Pennsylvania State University 

University Park, Pa. 



NOTICE 

This report  was prepared as an account of Government sponsored work. 

Neither the  United S t a t e s ,  nor the National Aeronautics and Space 
Administration (NASA), nor any person act ing on behalf of NASA: 

A. Makes any warranty o r  representation, expressed o r  implied, 

with respect t o  the accuracy, completeness, o r  usefulness 

of the information contained i n  t h i s  repor t ,  o r  t h a t  the  use 

of any information, apparatus, method, o r  process disclosed 

i n  t h i s  report  may not in f r inge  pr iva te ly  owned r i g h t s ;  o r  

Assumes any l i a b i l i t i e s  with respect t o  the use o f ,  o r  f o r  

damages r e s u l t i n g  from the use of any information, apparatus, 

method o r  process disclosed i n  t h i s  report .  

B. 

A s  used above, "person act ing on behalf of NASA" includes any employee 

o r  contractor  of NASA, o r  employee of such contractor,  t o  the extent  

t h a t  such employee o r  contractor  of NASA, o r  employee of such con- 

t r a c t o r  prepares, disseminates, o r  provides access t o ,  any information 
pursuant t o  h i s  employment o r  contract  with NASA, o r  h i s  employment 

with such contractor 

Requests f o r  copies of  t h i s  report  should be re fer red  t o :  

National Aeronautics and Space Administration 
Office of S c i e n t i f i c  and Technical Information 
Attention: AFSS-A 
Washington, D. C. 20546 

'1 



NASA CR-72622 

BIPROPELLANT DROPLET BURNING RATES AND 
LIFETIMES IN A COMBUSTION GAS ENVIRONMENT 

G .  M. Faeth and R.  S. Lazar 

prepared f o r  

National Aeronautics and Space Administration 

December 1, 1969 

Contract NGR 59-009-077 

Te chni c a1 Man agemen t 
NASA L e w i s  Research Center 

Cleveland, Ohio 

Chemical Rockets Division 

R ,  J.  Priem 

Department of  Mechanical Engineering 
The Pennsylvania S t a t e  University 

University Park, Pennsylvania 



BIPROPELLANT DROPLET BURNING RATES AND 

LIFETIMES I N  A COMBUSTION GAS ENVIRONMENT 

G. M. Faeth and R. S. Lazar 

ABSTRACT 

Measurements of droplet  heat-up and steady burning were made a t  
atmospheric pressure with a f l a t  flame burner apparatus. Various alco- 
hols  and pa ra f f in  hydrocarbons were t e s t e d  a t  ambient temperatures of 
1660 - 2530" K and ambient oxygen concentrations i n  the  range 0 - 38%. 
Existing d i f fus ion  flame theor ies  of  droplet  combustion gave an adequate 
predict ion of the  measured influence of ambient oxygen concentration and 
temperature, but  showed progressive f a i l u r e  f o r  the  heavier hydrocarbons. 
Flame luminosity was observed very ea r ly  i n  the  heat-up period. 
steady burning theory was extended t o  include the  heat-up period and theo- 
r e t i c a l  and experimental comparisons were made over the  e n t i r e  droplet  
l i fe t ime with r e s u l t s  roughly the  same as the  steady burning r e s u l t s .  

The 
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BIPROPELLANT DROPLET BURNING RATES AND 

LIFETIMES I N  A COMBUSTION GAS ENVIRONMENT 

by 

G. M .  Faeth and R. S. Lazar 
The Pennsylvania S t a t e  University 

Summary 

The work described i n  t h i s  report  considers t he  burning cha rac t e r i s t i c s  

of l iqu id  f u e l  droplets  i n  a combustion gas environment a t  atmospheric pres-  

sure .  The fue l s  considered i n  the  study included methyl, 1-butyl and 1-decyl 

alcohol as  well as t h e  pa ra f f in  hydrocarbons, n-pentane, n-heptane, n-octane, 

iso-octane,  n-decane, n-tridecane, and n-hexadecane. 

The t e s t  droplets  were mounted on a probe and rapidly subjected t o  the 

combustion products of a f l a t  flame burner i n  order t o  simulate a combustion 

chamber environment. The burner provided ambient temperatures i n  the  range 

1660 - 2530'K and ambient oxygen concentrations i n  the  range 0 - 38% a t  the  

droplet  locat ion.  Exis t ing steady burning theor ies  were extended t o  the  

heat-up period allowing comparison with t h e  experimental r e s u l t s  f o r  both 

steady burning r a t e s  and droplet  l i f e  h i s t o r i e s ,  

The conclusions of  t he  study are  as follows: 

1. Over the  e n t i r e  range of t e s t i n g ,  t h e  s impl i f ied  d i f fus ion  

flame theory gave reasonable agreement with t h e  experimental r e s u l t s  

with maximum e r ro r s  on the  order of 40% f o r  drople t  burning r a t e s ,  

2 .  The trends of the  burning r a t e  with respect  t o  ambient temp- 

e ra tu re  and oxygen concentration were predicted reasonably w e l l  over 

t he  tes t  range. 

3.  A l l  t heo re t i ca l  methods progressively overestimate the burn- 

ing r a t e  as t he  molecular weight of the  f u e l  is  increased. 

is a t t r i b u t e d  t o  f u e l  decomposition i n  the  region between the  drople t  

surface and the  oxidation zone. 

This f a i l u r e  
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4. Flame luminosity was observed ea r ly  i n  the  heat-up period 

(on t h e  order of 10 t o  20% of the heat-up time). This allowed the  

use of a quasisteady combustion model throughout the  l i f e t ime  of a 

droplet  f o r  these high temperature conditions.  

5. Errors i n  drople t  l i f e  h i s t o r i e s  were found t o  be about t he  

same as those f o r  steady burning rates. The extended model gave a 

reasonably good predic t ion  of the influence of combustion on the  drop- 

l e t  heat-up time. 

6. The s implif ied,  constant property analysis  was compared with 

a very r e a l i s t i c  var iab le  property so lu t ion  f o r  t h e  case of drople t  

evaporation without combustion. 

were less than 6%. 

Differences between the  two methods 
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INTRODUCTION 

Due t o  i t s  importance as an elemental process i n  spray combustion systems, 

many inves t iga tors  have s tudied the  burning of s ing le  f u e l  droplets .  

of these s tud ie s  were conducted by burning drople t s  a t  low ambient temperatures, 

with oxygen concentrations ranging from a i r  t o  pure oxygen. 

t he  a b i e n t  environment of these tests is  s o  d i f f e r e n t  from the  environment of 

droplets  i n  a combustion chamber, 

the range o f  p r a c t i c a l  combustion systems. 

The bulk 

However, s ince  1-5 

the  r e s u l t s  must be extPapolated"t0 reach' 

Wood, e t  a1,6 have presented a study t h a t  i s  more re levant  t o  combustion 

chambers. These inves t iga tors  considered the  combustion of hexadecane, kero- 

sene, and various heat ing o i l s  within a premixed flame. Droplet burning was 

observed for oxygen mass f r ac t ions  i n  the  range 0 - .81, while maintaining a 

constant ambient temperature of 1775'K around the  drople t .  

r a t e  constants were in fe r r ed  from measurements of i n i t i a l  droplet  diameter and 

t h e  t o t a l  time of combustion luminosity. 

Average burning 

The accuracy of t he  burning r a t e  measurements of Ref, (6) i s  questionable,  

s ince  the  heat-up period is  combined with the  steady burning period. 

tends t o  underestimate t h e  t r u e  burning r a t e  constant of the  droplet .  

more, the end of luminosity occurs some time a f t e r  t he  droplet  has completely 

evaporated, adding addi t ional  uncer ta in t ies  t o  t he  burning r a t e  measurement. 

This 

Fur'ther- 

In view of these object ions,  the  present study was undertaken t o  provide 

a more accurate measurement of droplet  combustion at high ambient temperatures. 

Another object ive of t he  present  study was t o  extend t h e  range of hydrocarbons 

and ambient temperatures from tha t  of Ref. (6) ,  i n  order t o  provide a more 

s t r ingen t  t es t  of the  droplet  combustion models 

In the  experiments, t e s t  droplets  were rapidly immersed i n  t h e  combustion 

products of a f la t  flame burner, i n  order t o  simulate t h e  in j ec t ion  of a drop- 

l e t  i n to  a combustion chamber. The burner was operated a t  atmospheric pressure 
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with various i n i t i a l  gas compositions t o  y i e l d  temperatures i n  the  range 1660 - 
2530'K and oxygen mass f r ac t ions  of 0 - - 3 8  a t  the tes t  droplet  locat ion.  

droplet  fue l s  considered i n  the  study included methyl, 1-butyl, and 1-decyl 

alcohol as well  as t h e  pa ra f f in  hydrocarbons, n-pentane, n-heptane, n-octane, 

The 

iso-octane, n-decane, n-tridecane, and n-hexadecane. 

The bulk of the  t e s t i n g  involved burning r a t e  measurements a t  t h e  wet bulb 

s t a t e  o f  the droplet .  

and the  time when luminosity appeared following the  immersion of  t h e  drople t  

i n  the  hot burner gas. The steady burning theories  of Refs. (1 -. 6) were extend- 

ed t o  include the  presence of an ac t ive  combustion zone during the  heat-up per iad 

of the  drople t .  

h i s t o r i e s  f o r  comparison with the  data.  

Limited r e s u l t s  were a l so  obtained on drople t  l i fe t imes  

The expanded theory was then employed t o  compute droplet  l i f e  
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APPARATUS 

A sketch of t he  experimental apparatus i s  shown i n  Fig. 1, The f l a t  

flame burner was mounted on rails s o  t h a t  it could he rapidly moved under 

the droplet  locat ion with a solenoid valve actuated pneumatic cyl inder .  The 

burner face was 5 cm. i n  diameter and i n  t h e  tes t  pos i t ion  ( i l l u s t r a t e d  i n  

Fig. 1) the  droplet  was 1 an. above the center  of t h e  burner. The time be- 

tween %he drople t  first enter ing the  burner flame and the  burner coming t o  

rest i n  the  tes t  pos i t ion  was on the  order of 10 m s .  

The f l a t  flame burner was similar t o  the  one described by Friedman and 

MacekO7 The burner was operated with various mixtures of carbon monoxide, 

hydrogen, oxygen, and natrogen (commercial grade). The flow of these gases 

was measured with rotameters which were ca l ibra ted  with a wet t e s t  meter. 

The hea t  loss  from the  burner flame t o  the  face  of t he  burner was determined 

by measuring the  temperature rise and flow rate of t he  burner cooling water. 

The temperature and composition of  t h e  burned gas flowing around the  

droplet  was determined ffom thermochemical calculat ions allowing f o r  a l l  

re levant  d i ssoc ia t ion  react ions and heat  loss  t o  t h e  burner. The thermo- 

chemical proper t ies  f o r  these  ca lcu la t ions  were taken from the  JANAF tables .  

The gas ve loc i ty  a t  t h e  drople t  locat ion was calculated from the  mass f lux  

i n t o  the  burner and the  known proper t ies  of t he  burned gas. 

is  adequate since the  tes t  pos i t ion  i s  well within t h e  po ten t i a l  core of t he  

j e t  leaving the  burner. 

gas stream at  the drople t  locat ion,  f o r  the  test conditions employed i n  the  

present study 
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This procedure 

Table I summarizes t h e  computed proper t ies  of the  

The t e s t  d rople t  was mounted on a quartz  fi lament having a diameter of 

approximately l o o p .  

i n  supporting the  drople t .  

The bottom end of t he  probe was s l i g h t l y  enlarged t o  a i d  
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TABLE I :  P R O P E R T I E S  OF THE AMBIENT GAS FOR VARIOUS T E S T  CONDITIONS 

.046 

.138 

.227 

.308 

.371 

0 

0 

0 

0 

0 

2530 

I 
2350 

2220 

2060 

1830 

1660 

vce 

cm/sec 

62 .5  

1 
46.7 

co 

.099 

. O S 8  
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H2 
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NO 
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. 0 16 
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,172 

,285 

.375 

0 
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.324 
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.004 

.007 

,009 

.011 

,009 

0 

a, 

.043 

,143 

.240 

,330 

.401 

0 



6 

Droplet diameters were measured from shadowgraphs recorded by a 16mm 

cine camera operating a t  speeds on the order of 100 p ic tures  per  second. 

e l l i p t i c a l  shape of the  droplet  was corrected t o  a sphere of equal volume as 

discussed by Kobayasi. 

The 

9 

Dark f i e l d  photographs were a l so  made with a second cine camera operat- 

ing a t  speeds on the order of 150 p ic tures  per  second i n  order t o  measure the 

time of appearance of combustion luminosity. 

driven with i n t e r n a l  timing l i g h t s  driven with a 100 cps s igna l  generator.  

Both cameras were e l e c t r i c a l l y  
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Many theories  of droplet  combustion have been l imited t o  steady burning 

a t  the wet bulb s t a t e .  The wet bulb state is  the  condition where a l l  the 

energy reaching the droplet  i s  u t i l i z e d  f o r  the  heat of vaporization of the  

material  evaporating from the  droplet  and the l i q u i d  temperature remains con- 

stant, 

r a t e s  must a l s o  be estimated during the heat-up period where the  droplet  temp- 

e ra ture  increases from its i n i t i a l  value t o  the wet bulb temperature. 

following analysis  w i l l  consider the extension of the steady burning theories  

t o  the heat-up period. 

For the  analysis ,  the gas phase combustion zone around the  droplet  was 

assumed t o  be quasisteady, i . e . ,  the  combustion zone adjusts  rap id ly  t o  t h e  

changing boundary conditions a t  the  surface of the droplet .  This assumption 

is v a l i d  under conditions where the  c h a r a c t e r i s t i c  t r a n s i e n t  time of the gas 

phase, r Q . J D ,  i s  small i n  comparison with the  l i fe t ime of the droplet .  

This requirement was e a s i l y  s a t i s f i e d  f o r  the  conditions of the present  ex- 

periments and i s  a common assumption f o r  droplet  l i fe t ime calculat ions under 

combustion chamber conditions 

In order t o  compute the e n t i r e  l i f e  h i s t o r y  of  a droplet ,  t ransport  

The 

2 10 

l a  

The quasisteady assumption decouples the  gas phase problem from the  

t rans ien t  solut ion at the droplet .  Therefore, i n  t h e  following, the  gas 

phase is solved f o r  general boundary conditions and these r e s u l t s  a r e  then 

applied to t h e  conservation re la t ions  a t  the droplet  i n  order t o  compute 

the  time var ia t ion  of droplet  diameter and temperature. 

Gas Phase Analysis: The i n i t i a l  formulation of t h e  gas phase problem 

is made under the assumption of spherical  symmetry, i n  the absence of con- 

vection, Corrections f o r  convection w i l l  be considered following the 

i n i t i a l  development of the equations, 
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The theo re t i ca l  model is i l l u s t r a t e d  i n  Fig. 2.  Fuel and oxidizer  

a re  assumed t o  meet and react i n  an i n f i n i t e l y  th in  react ion zone concen- 

t r i c  with the  droplet  sur face ,  No consideration i s  made of fue l  o r  oxi- 

d i ze r  decomposition p r i o r  t o  these components reac t ing  a t  the  flame surface.  

With respect  t o  gas proper t ies ,  i dea l  gases a re  assumed and only con- 

centrat ion d i f fus ion  i s  considered. 

sure  gradients  a r e  neglected,  

Quadratic ve loc i ty  terms and r a d i a l  pres-  

In region A ,  i n t e r i o r  t o  the  reac t ion  zone, it 

is assumed t h a t  there  i s  a binary mixture o f  fue l  vapor and product gas 

(considered t o  be a s ing le  spec ies ) ,  The gas e x t e r i o r  t o  t he  reac t ion  

zone, region B, is  assumed t o  be a binary mixture of oxidizer  and t h e  pro- 

duct gas 

Under these assumptions, and w i t h  a l l  react ion l imited t o  the  flame 
12  surfaee,  t he  general gas phase conservation r e l a t i o n s  given by Williams 

take the  following form: 

(IRei) = 0 d d - (h) = - 
d r  d r  

dY 
+ m (Ei - Yi) = 0 * pD F 

2 

C E i ' l  

As a first approximation, a constant property so lu t ion  was considered 

i n  the present  ana lys i s ,  

f o r  steady burning a t  the  wet bulb s t a t e O 4  However, i n  the  heat-up period, 

t h i s  type of analysis  becomes qu i t e  awkward. The constant property assump- 

Variable proper t ies  have been considered by others  

t i o n  decouples the mass and energy conservation equations, allowing an inde- 

pendent so lu t ion  f o r  species  cbncentrations and temperatures The constant 
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REGION A 

Fig .  2 Sketch  of t h e  Gas Phase Model. 
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and var iab le  property so lu t ions  w i l l  be compared l a t e r  f o r  the  case of steady 

burning a t  t h e  wet.balb state. 

In  t h e  following, each region is considered separa te ly ,  with constant 

values employed f o r  pD, A, and C i n  each region. 
P 

For conservation of mass i n  region A, the  f u r t h e r  assumption is made 

t h a t  the  product species  is insoluble  i n  the  l i qu id  phase. Combining the  

i n s o l u b i l i t y  assumption with t h e  flame surface approximation y ie lds  the 

following boundary conditions f o r  region A. 

= *f YF = 0 (5) 

With t h i s  s e t  of boundary conditions,  it i s  assumed t h a t  t h e  droplet  surface 

temperature is  known s o  t h a t  the  surface mole f r ac t ion  o f  fue l  can be deter-  

mined from the  Clausius Clapeyron equation and the  t o t a l  pressure.  During 

the  computation of a drople t  l i f e  his toxy,  the drople t  temperature i s  always 

known ., 

Equation (1) eombinedwith the  boundary condition f o r  given i n  Eq. (5) 

y ie lds  E~ = 1 throughout reqion A, Therefore, f o r  the . fue1 ,  Eq. (2) takes the  

follswing f o m  

dyF YF) = 0 
2 

r (PD)* -&=- 4- m (1  - 

In tegra t ing  Eq. (6) and applying t h e  remaining two boundary conditions of 

Eq. (5) y i e lds  the  following expression f o r  t he  mass f l u x  of f u e l  a t  t he  

drop l e t  sur f  ace 

The mass f l u x  f r ac t ions  of oxidizer  and product i n  region B may be 

determined by assuming t h a t  the  f u e l  and oxidizer  combine i n  s toichiometr ic  

proportions a t  the  flame surface as follows. 

l Ibm fue l  =+ i lbm oxidant -+ (1  + i )  lbm prod. 
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Noting t h a t  t he  mass f l u  f r ac t ions  a re  constant i n  region B and t h a t  t he  

oxidizer  i s  diffusing towards the  center  of t he  drople t  gives I Z ~  = -i and 

E =: 1 + i i n  region B o  Thus f o r  t he  oxidizer ,  Eq. (2) becomes 
P 

subject  t o  the  following boundary conditions 

'I: = 'f Yx = 0 r = roD Yx = Yx, (9) 

Integrat ing Eq. (8) and introducing the  boundary conditions from Eq. (9), 

yie lds  the  following expression f o r  the mass f lux .  

Eliminating r between Eqs, (7) and (10) f i n a l l y  y ie lds  an expression f o r  

the t o t a l  f u e l  mass f l u x  a t  the  droplet  surface i n  terms of t h e  known bound- 

f 

ary conditions ' as  follows: 

where 

For the  so lu t ion  of t he  energy equation, the  addi t iona l  assumption is  

made t h a t  t he  s p e c i f i c  hea ts  of the  product gas and the  oxidizer  a r e  iden t i -  

c a l ,  

most cases,  

Due t o  s imi l a r  molecular weights, t h i s  assumption is  reasonable i n  

With the  assumption of constant s p e c i f i c  hea ts  and the known 

mass f l u x  f r ac t ions ,  Eqo (3) takes  the  following form i n  region A (CpA = 

CPF) 

d CpAT - XA r2 G] = 0 
d r  dr  

with an analagous equation f o r  region B (Cp, = CpX)" 

on these equations are> 

The boundary conditions 



1 2  

r = r  R 9  T = T R ;  r = r  f '  T = T f ;  r = - ,  T = T  W (14) 

Integrat ing Eqs. (13), subjec t  t o  the boundary conditions of Eqs. (14), 

y ie lds  the temperature d i s t r i b u t i o n  i n  each region. In  reqion A 

T - TR 

and i n  region B 

. 

Continuity of the energy f lux  a t  the flame urface p r  

d i t i on  t h a t  determines T f o  This r e l a t i o n  is 

- - 2 dT m CpF (T - To) + rfi hFo - XA r 

fiCpB (T - T o )  + ~ [ (1  + i) h "  - h " ] - A B  r 

) f A  

2 
P X 

vides 

dT - 1  dr? fB 

bound r: con- 

where To i s  a reference temperature f o r  t he  evaluation o f  t h e  enthalpy of 

formation, hio II In the  following, To is  taken t o  be TR for convenience. 

Evaluating the  der iva t ives  of Eqs. (15) and (16) and subs t i t u t ing  i n t o  Eq. 

(1%) gives the  following 
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where 

and 
(1 + i )  h - ihxo - hFe - 

QR - ‘PB (T, - 

Defining the droplet  hea t  t r ans fe r  coe f f i c i en t  as  follows, 

the Nusselt number becomes 

Transport rates a t  the  droplet  surface may be found if the  instantane-  

ous temperature of the  l i qu id  surface,  t h e  ambient temperature and t h e  

ambient oxidant concentration are known. The vapor pressure curve of the  

fuel  gives Y p a  from T a  and Eq. (18) can then be employed t o  determine Tf .  

In t h i s  procedure, average proper t ies  can be determined by i t e r a t i o n  from 

t h e  computed flame temperature. 

p roper t ies  are spec i f ied ,  Eqs, (11) and (23) givq t h e  instantaneous hea t  

and mass t r a n s f e r  r a t e s  a t  the  droplet  surface.  

Once t h e  flame temperature and average 

Some of t h e  general cha rac t e r i s t i c s  of t h i s  so lu t ion  may be seen by 

Considering the  s impl i f ied  case where I$ = CpR = LA = LB = 1. 

ponds t o  a unfty Lewis number so lu t i sn  with i d e n t i c a l  p roper t ies  both in s ide  

and outs ide t h e  combustion zone. For  t h i s  s i t u a t i o n ,  Eqs. ( l l ) ,  (18) and 

(23) be come : 

This corres- 
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For hydrocarbon oxidation the  parameter Yxm/i t yp ica l ly  var ies  i n  the  

range 0 - .4 as the  ambient gas var ies  from decomposition conditions t o  pure 

oxygen, 

and various values of Y F R o  

FR increasing Y 

Equation (24) is  i l l u s t r a t e d  i n  Figure 3 f o r  t h i s  range of Yx,/i 

The mass t r a n s f e r  r a t e  increases  rap id ly  with 

For f i n i t e  values o f  Y x ~ / i ,  t he  mass t r a n s f e r  does not go 

t o  zero f o r  YFR = 0 ,  In t h i s  formulation, fue l  i s  consumed a t  t he  dropllet 

surface,  through t h e  requirement of  s toichiometr ic  cmbina t ion  of fuel  and 

oxidizer  a t  t he  flame, and the  t o t a l  f u e l  consunption i s  determined by the  

oxidizer  d i f fus ion  r a t e  t b  the  drople t  surface.  Thus, ,at low values of 

YFR,  the  mass t r a n s f e r  r a t e  is influenced qu i t e  s t rongly  by the  ambient 

mygen concentration. 

A t  values of YFR approaching uni ty ,  the  combustion zone moves f a r  from 

the  drople t  and the  mass t r a n s f e r  r a t e  is  l e s s  s e n s i t i v e  t o  i ts  actual posi-  

t ion .  

by the ambient oxygen concentration f o r  a given Y 

A t  t h i s  condition, t he  mass t r a n s f e r  r a t e  i s  only weakly influenced 

FR a 

The Nusselt  number i s  p lo t t ed  i n  Fig.  4 as a function of YFa f o r  t he  

same range of Yx,/i as i n  Fig. 3 .  

creases wi%h increasing Y 

back i n t o  the  ambient f l u i d  by the  g rea t e r  r a d i a l  mass f lux  a t  high YFR.  

In a l l  cases,  t he  Nnsselt number der-.- 

due t o  the increased amount of energy swept FR 4 

For f i n i t e  Yx,, the  Nusselt  number depends on the  value of QR. Two 

values of  QR a re  examined i n  FIg. 4. The value,  QR = 1, represents  a r e l a -  

ambient temperature as  i n  t h e  present  experiment o r  i n  a rocket 

engine conibustion chamber. The second value,  Q = 10, would be typ ica l  of R 
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droplets burning i n  a moderately heated environment as i n  the  experiments of 

Reg. 3, 9 ,  14. 

exer ts  only a small influence s ince the  ambient temperature is  near the  flame 

temperature. 

For low values of QR, t h e  ambient-oxygen concentration 

The heat  and mass t r a n s f e r  equations may be combined t o  y i e l d  an expres- 

1-6 s ion f o r  t h e  steady burning r a t e  of a droplet  a t  i t s  wet bulb temperature. 

This aspect of the  so lu t ion  w i l l  be examined l a t e r  along with the  experimental 

r e s u l t s .  

point  i n  the  l i f e  h i s t o r y  of a droplet .  

In  t h e i r  present  form, the t ranspor t  equations are va l id  a t  any 

Convection Correction: The analysis  presented i n  the previous sect ion 

i s  l imited t o  the case of no r e l a t i v e  motion between the  droplet  and i ts  

surroundings. 

pas t  the droplet  gave Reynolds numbers (based on approach conditions) i n  the 

range 1 - 10. Therefore, the  theory must be corrected f o r  the  influence of 

forced convection, i f  comparison is t o  be made with t h e  present experimental 

r e s u l t s  

For the present t e s t s ,  however, t h e  flow of the product gas 

For steady droplet  evaporation o r  burning a t  the  wet bulb s t a t e ,  numer- 

ous invest igators  have suggested 

form 

- fi = 1 + f (Re, Pr, SC) m* 

where I!I* is  the evaporation r a t e  

constant propert ies  and- chemical 

e t  a l ,  have demonstrated the  

For la rger  Reynolds numbers, 

but  t h i s  type of cor re la t ion  

the data  current ly  avai lable  

a convection correlat ion of the following 

(271 

a t  no flow. l3-I8 For inc ip ien t  convection , 
react ion l imited t o  a flame surface,  Fendel, 

16 , 17 v a l i d i t y  of t h i s  general form with some r igor .  

there  i s  no t h e o r e t i c a l  j u s t i f i c a t i o n  f o r  Eq. (27) , 
appears t o  be saGisfactory within the accuracy of 

i n  the  l i k e r a t u r e .  18 
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An i d e n t i c a l  equation is  a l so  appropriate f o r  hea t  and mass t r a n s f e r  

taken independently. 19-21 Therefore, it i s  p r o p p e d  t o  correct  Eqs. (11) 

and (23) by a r e l a t i o n  of the  form of Eq. (27) 

While t h e r e  is general agreement t h a t  t ranspor t  quant i t ies  can be cor- 

rected f o r  convection with an equation of the form of Eq. (27), there  is 

l e s s  agreement concerning the d e t a i l s  of the  correlat ion.  Unfortunately, the  

disagreement is  g r e a t e s t  f o r  Reynolds numbers l e s s  than ten,  which i s  the  

range of i n t e r e s t  i n  the present  invest igat ion.  

For low values of Peclet number (pe = RePr) Fendell, e t  a l ,  16,17 and 

Acrivos and Taylor21 have found the following equation through rigorous 

appl icat ion of the method of inner and outer  expansions. 

( & o r  k )  = 1 + f RePr + 0 (Pe2 In Pe) 
NU" 4 

For higher Reynolds numbers, mostly Re > 10 ,  a number of empirical Cor: 

re la t ions  have been presented, of the form 

where the constant C has var ied with the invest igator .  For example, 

F r & ~ l i n g ~ ~  f inds  C = .276 while Ranz and Marshall" f i n d  C = .300. 

Schmidt number replaces the Prandtl  number when the cor re la t ion  is  applied 

t o  mass t r a n s f e r  alone, However, Eq. (29) has been used f o r  burning drop- 

l e t s  s ince the  Prandtl  number can be evaluated l e s s  ambiguously. l3 Since 

the Prandtl  and Schmidt numbers a r e  approximately the same f o r  most gases, 

t h i s  s u b s t i t u t i o n  presents l i t t l e  d i f f i c u l t y  i n  prac t ice .  

While Ranz and Marshall" claim t h a t  Eq. (29) is  v a l i d  f o r  low Reynolds 

The 

numbers, t h i s  question does not reduce t o  the rigorous form, Eq. (28) ,  f o r  

Pe <.< 1. In a more recent experiment, Yuge2O carefu l ly  accounted f o r  the  

influence of n a t u r a l  convection a t  low Reynolds numbers. H i s  da ta  agrees 

with the Frbossling correlat ion (and a l so  with Allender's data  ) f o r  R e  > 10.  

For Re .< 10,  the Yuge data  fa l l s  below t h e  Frzssl ing correlat ion.  

22 
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Prompted by t h i s  d i f f i c u l t y  i n  the  convection correlat ion f o r  Reynolds 

numbers of order uni ty ,  Fendell, e t  a l l y  and Rosner" have suggested some 

general forms t h a t  a r e  asymptotically correct  f o r  P e  a< 1 and R e  > 10. Adopt- 

ing the form suggested by Rosner,l3 and f i t t i n g  the correlat ion t o  the da ta  

22 of YugeJ2O and Fr8ssling,15 and Allender a t  Re = 100, P r  = ,715, y i e l d s  the 

following expression 

-1 /2  
= 1 + .2Y8 Re 1/2 Pr1 l3  [l + 1.237 Re-' Pr-4/3] (30) 

Equation (SO), asymptotically approaches Eq. (28) f o r  RePr << 1. The 

equation is  a l so  i n  good agreement with Yuge's low Reynolds number da ta  i n  the 

range 3 , s  < Re a 10, as well  as the r e s u l t s  of Refs. 15, 20,  and 22 f o r  

10 < Re F: 800. 

Equation (30) was employed i n  the present invest igat ion.  According t o  

c r i t e r i o n  developed by Yuge ,20 and necessar i ly  applied r a t h e r  crudely for the  

present reac t ive  case, na tura l  convection can be neglected i n  the present  

experiments. 

Liquid Phase Analysis: For the  treatment of the l iqu id  phase, the  

droplet  temperature was assumed t o  be uniform a t  each. ins tan t  of time. 

Temperature gradients within the  droplet  have been considered by a number 

of authors 23-25 In general ,  t h i s  e f f e c t  has only a small influence on drop- 

l e t  lifetimes and steady burning rates a t  atmospheric pressure.  

With the assumption of a uniform droplet  temperature, and neglecting 

the time der ivat ives  of l iqu id  proper t ies ,  the equations of conservation of 

mass and energy of the  droplet  become 

(m) = -4  T m d 
d t  
- 
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where 4 is t h e  energy f lux  reaching the  drople t  per  u n i t  s o l i d  angle 

(33) 
2 

4 = r R 

The diameter of t he  drople t  i s  r e l a t e d  t o  i t s  mass and densi ty  as 

h (T, - Ta) 

follows, 

For a ca lcu la t ion  of a droplet  l i f e  h i s to ry ,  the  i n i t i a l  conditions 

be come 

t = O ; T  - - T a o ;  dR 9 dgO (35) 

From these i n i t i a l  conditions,  t he  subsequent droplet  temperature and 

diameter were computed by numerically in tegra t ing  Eqs. (31) and ( 3 2 ) .  The 

quan t i t i e s  m and 4 were determined from Eqs. (11) and ( 2 3 ) ,  and corrected f o r  

convection with Eq. (30), 

Unless noted otherwise, gas phase proper t ies  were computed f o r  t h e  

average composition and log mean average temperature i n  each region. 

log mean temperature was determined i t e r a t i v e l y  from the  computation of the  

flame temperature, Eq. (18). Liquid phase proper t ies  were calculated a t  

the  instantaneous l i qu id  temperature, TQ" 

proper t ies  i n  the  convection correct ion equation, Eq, ( 3 0 ) ,  were taken t o  

be those of t h e  ambient gas, as suggested by Combs, " 

se l ec t ing  proper t ies  i n  t h i s  correct ion suggested by Eisenklam, e t  a l ,  

was a l so  attempted, A comparison of these two approaches w i l l  be made 

l a t e r .  

a re  presented i n  Appendix A, 

The 

For the  bulk of t h e  ca lcu la t ions ,  

A second method f o r  

14 

The s p e c i f i c  property cor re la t ions  u t i l i z e d  f o r  a l l  t he  proper t ies  

Much of the da ta  obtained i n  the present  inves t iga t ion  involved 

measurements of t he  steady droplet  burning rate, a t  the  wet bulb s t a t e  of 
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the  drople t ,  

solved to y i e l d  the  following expression for YFRo 

A t  t h i s  condition, dTR/dt = 0 by de f in i t i on  and Eq. (32) can be 

-LA 

(36) 

- 1 / L B  

hCg cpA (Tf - TRl 
Subst i tu t ion  of E q .  (36) i n t o  Eq. (18) then y ie lds  

-H - h = fg  [Cp, (T, - TI) + Hc + hf ] (1  + Yx=/i) Tf - TR - 
ToJ - T, 

- 
CP (T, - T a l  

(37) 

A convenient way of reducing steady burning da ta  inyolves the  use of 

t he  burning r a t e  constant,, 234 

ddR2 

This par’ameter is  defined as follows 

K = - Z  (38) 

In terms of t he  present  t heo re t i ca l  model, the  burping r a t e  parameter becomes 

m 
m* where - is  given by Eq. (30) a 

Equation (39) i s  dependent on d,, through the  Reynolds number i n  

E q .  (30). 

range considered i n  the  present  tests, and a p l o t  of dR2 vs time is  

approximately l i nea r  during steady burning 

However, t he  dependence is  not  s t rong f o r  t h e  Reynolds number 
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BURNING RATE RESULTS 

The burning r a t e  constant,  defined i n  Eq. (38), was obtained from the  

experimental va r i a t ion  of diameter squared with time. 

squared p l o t  is given i n  Fig.  5. 

diameter of 11OOp i n  order t o  eliminate var ia t ions  due t o  the  influence of 

convection as discussed e a r l i e r .  

meter was s u f f i c i e n t l y  removed from the  heat-up per iod t o  provide a good 

estimation of the  steady burning r a t e .  

A typ ica l  diameter 

The s lope was measured a t  a f ixed average 

For t h e  drople t  s i z e s  t e s t ed ,  t h i s  dia-  

The burning rate constants reported here  are average values obtained 

from four  separa te  t e s t s .  

were within 3% of the  average. 

Typically,  the  values from the  individual  tests 

Effec t  of Ambient Temperature: The first s e r i e s  of t e s t s  considered 

the  influence of ambient temperature on high temperature droplet  evaporation. 

For these t e s t s ,  the  ambient oxygen concentration was less than 1%, through 

d issoc ia t ion .  

stant a t  46.7 cm/sec. 

n-decane a re  given i n  Figs.  6, 7, and 8. 

The ambient gas ve loc i ty  was a l so  maintained e s s e n t i a l l y  con- 

The experimental r e s u l t s  f o r  methanol, n-pentane, and 

The theo re t i ca l  curves on the f igu res  were constructed f o r  two d i f -  

f e r en t  methods o f  s e l ec t ing  proper t ies  i n  the  convection correct ion (Eq. 30) 

as  well as r e s u l t s  obtained by neglecting Convection e n t i r e l y  (curve A) .  I 

Curve B was computed by evaluating proper t ies  i n  Eq. (30) f o r  conditions i n  

the  ambient gas,  as suggested by Combs.*' 

p e r t i e s  i n  the  convection correct ion evaluated a t  mean conditions i n  the  drop- 

l e t  boundary layer  as suggested by Eisenklam, e t  a1 

Curve C was computed with pro- 

1 4  

For the  p a r t i c u l a r  conditions of  these  tests,  the  d i f f e ren t  methods 

only change the  levels and not t he  slopes of t he  curves. The percentage d i f -  

ference increases  a t  t he  lower temperatures, however, due t o  the increased 

Reynolds number f o r  a f ixed  gas ve loc i ty .  
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Aside from the leve ls  of the t h e o r e t i c a l  curves, which are infldenced 

by the  p a r t i c u l a r  method chosen for s e l e c t i n g  average propert ies ,  t h e  t rend 

of the t h e o r e t i c a l  predict ion appears reasonably s a t i s f a c t o r y  f o r  methanol 

and n-pentane. The predicted increase i n  the  evaporation r a t e  of n-decane 

with increasing temperature, somewhat overestimates the  measured increase 

i n  evaporation r a t e  

The p l o t s  ind ica te  t h a t  the  influence of convection was not large 

f o r  these t es t  conditions. Therefore, it i s  not  possible  t o  make a c l e a r  

choice between methods B and C f o r  cor re la t ing  convection e f f e c t s .  

the  following, method B is employed, s ince  the  large property differences 

i n  regions A and B causes d i f f i c u l t i e s  i n  se lec t ing  unambiguous mean pro- 

p e r t i e s  f o r  use i n  method C .  Furthermore, as w i l l  be discussed la ter ,  

method B appears t o  give a more s a t i s f a c t o r y  predict ion of the  var ia t ion  

i n  burning r a t e  due t o  changes i n  f u e l  molecular weight. 

In 

Effec t  of Ambient Oxygen Concentration: Figures 9,  10, and 11 show 

the r e s u l t s  of burning r a t e  measurements f o r  methanol, n-pentane and 

n-decane a t  various ambient oxygen concentrations. The oxygen mass f r a c t i o n  

on the p l o t s  i s  an e f f e c t i v e  mass f r a c t i o n  based on t h e  ambient concentra- 

t i o n  of possible  oxidizing species (0 0 and NO) ., In  these t e s t s ,  the  am- 2' 

bient  gas temperature and veloci ty  were maintained e s s e n t i a l l y  constant at 

2530'K and 62,5 cm/sec respect ively.  

Two simplif ied thegre t iea l  approaches were taken with regard t o  the  

In the  f irst  approach, d i s -  chemical energy re lease  i n  the  react ion zone. 

sociat ion was neglected and the  standard heat of react ion was employed i n  

the ca1,culations. Par t ia l  correction of the e f f e c t  of dissociat ion i n  the 

react ion zone was made i n  the second method through the use of a corrected 

heat of reac t ion ,  The correceed heat of react ion was taken as the actual  
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chemical energy re lease ,  allowing f o r  d i ssoc ia t ion ,  f o r  s toichiometr ic  

ad iaba t ic  combustion 

a re  given i n  the Appendix. 

The numerical values employed i n  the  calcual t ions 

Computed droplet  flame temperatures f o r  these two energy r e l ease  

models are shown i n  Table 11. The corrected values a re  more r e a l i s t i c  

i n  view of d issoc ia t ion  e f f e c t s ,  but  are probably s t i l l  too high f o r  the  

higher oxygen concentrations.  

Computed burning r a t e  constants f o r  these two methods, as well  as 

severa l  o ther  modifications of t h e  theory,  a r e  compared with the  da ta  

i n  Figs. 9,  10 ,  and 11. Curve A was constructed for -a  non-unity L e w i s  number 

and a standard heat of reac t ion ,  with proper t ies  computed a t  the  log mean 

temperature i n  both regions,  

t i v e l y  from the  computed flame temperature, 

The log mean temperature was determined i t e r a -  

Method B i s  s imi l a r  t o  method A except t h a t  t h e  corrected hea t  of 

react ion was employed i n  t h e  ca lcu la t ions ,  

B with the exception t h a t  gas proper t ies  were not var ied with the oxygen 

concentration ( i n  response t o  the  changing flame temperature). Method D 

i s  a l so  similar t o  method B except t h a t  the  diffusion coef f ic ien ts  were 

chosen t o  give uni ty  Lewis number throughout the  flow f i e l d .  Methods C 

and D were considered s ince  a number of inves t iga tors  have used these 

approaches 

Method C i s  s imi l a r  t o  method 

1-3,6 

The f igures  ind ica t e  t h a t  there  a re  only small differences between 

methods B, C, and D ,  although method B appears t o  give a s l i g h t l y  super ior  

representat ion of the  t rends of t he  da ta ,  

a t  zero ambient oxygen concentration, with differences increasing up t o  

20% a t  the  maximum ambient oxygen concentration of  these  t e s t s .  

Methods A and B a re  iden t i ca l  

The various approaches f o r  s e l ec t ing  proper t ies  i n  the  theory were 

examined fu r the r  by considering some burning r a t e  da ta  f o r  decane a t  low 



TABLE 11: COMPUTED FLAME TEMPERATURES DURING STEADY BURNING 

C 
STD H 

CORRECTED Hc 

STD Hc 

CORRECTED Hc 

STD H c  

FUEL 

METHANOL 

N -PENTANE 

N-DECANE 

2850 

2700 

2800 

2650 

2790 

FLAME TEMPERATURE ( O K )  1 THEORY 

Yx = 0.0455 

2645 I CORRECTED Hc 

Yx = 0.2269 

4040 

3330 

4310 

3345 

4290 

3350 

Yx = 0.3713 4 
4770 

3730 

5370 

3850 

5370 

3860 

w 
N 
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ambient temperatures (297'K). This da ta  was obtained i n  the  zero-gravity 

apparatus described i n  Ref. 27,  i n  order t o  eliminate uncer ta in t ies  i n  t h e  

evaluation of the influence of na tura l  convection. 

The experimental r e s u l t s  f o r  these t e s t s  a re  compared with t h e  theo- 

r e t i c a l  methods i n  Fig. 1 2 .  

magnitude and trends of the  data.  

with maximum er rors  of approximately 50%. 

a r e  obtained f o r  the lower oxygen concentrations. 

Methods A and C show large e r rors  i n  both the  

Methods B and D give comparable r e s u l t s ,  

The l a r g e s t  percentage of e r r o r s  

Effect of Molecular Weight: The r e s u l t s  up t o  t h i s  point  ind ica te  

an apparently random s h i f t i n g  of the t h e o r e t i c a l  curves above and below the 

experimental r e s u l t s  for  the  d i f f e r e n t  f u e l  types. 

amined i n  a more systematic way by comparing the  theory and measurements f o r  

a large range of f u e l  types. 

paraf f in  f u e l s  banging from n-pentane t o  n-hexadecane. Figure 14 shows a 

similar comparison f o r  1-alcohols ranging from methanol t o  decyl alcohol.  

These t e s t s  were conducted f o r  th ree  d i f f e r e n t  ambient oxygen concentrations 

while maintaining a constant ambient gas temperature and veloci ty  of 2530'K 

and 62.4 cm/sec respect ively.  

This behavior was ex- 

Figure l 3  shows t h i s  comparison f o r  normal 

Method B was employed t o  compute the t h e o r e t i c a l  r e s u l t s  on Figs. 13 

and 14 ,  

ment with the experimental da ta ,  

This method was se lec ted  s ince it showed the  bes t  overa l l  agree- 

For both the alcohols and the paraf f ins ,  the  t rend of the t h e o r e t i c a l  

curves with increasing molecular weight is  not i n  good agreement with t h e  

experimental r e s u l t s .  The theory increasingly overestimates the burning 

r a t e  f o r  the heavier hydrocarbons. 

Use of  the Eisenklam, e t  a l l 4  method f o r  se lec t ing  propert ies  i n  the  

convection cor re la t ion  would only make the  fai1ure.worse f o r  t h e  heavier 

hydrocarbons. In t h i s  method, increasing f u e l  molecular weight causes an 
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increase i n  the  Reynolds number i n  Eq. (30 ) ,  f o r  f ixed ambient conditions.  

This, i n  tu rn ,  increases  the  convection correct ion f o r  the  heavier  molecular 

weight mater ia ls  causing the  theo re t i ca l  curves t o  r i s e  even f a s t e r  than 

the curves shown i n  Figs. 13 and 14. 
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DISCUSSION OF BURNING RATE RESULTS 

Method B gives the  bes t  representat ion of t he  t rends of t h e  data ,  and 

the  l e a s t  absolute e r r o r  oyer t he  range of experimental r e s u l t s  ava i lab le  

f o r  comparison i n  t h i s  study. 

ambient temperature r e s u l t s  f o r  decane ( 7 0 % ) .  Rest r ic t ing  a t t en t ion  t o  t h e  

high ambient temperatures which a re  more representa t ive  of combustion cham- 

ber  conditions,  the  maximum e r r o r  over t he  test  range was 38% (cetane a t  low 

ambient oxygen concentration),  

smaller,  e .g .  25% for a l l  mater ia ls  having l e s s  than ten  carbon atoms. 

15 shows a composite comparison of the  theo re t i ca l  (method B) and experimental 

burning r a t e  constants over the e n t i r e  tes t  range. 

M a x i m u m  e r ro r s  were encountered f o r  t h e  low 

For l i g h t e r  hydrocarbons the  e r ro r s  were 

Fig. 

Considering the  uncer ta in t ies  i n  physical  p roper t ies ,  and the  r e l a t i v e  

crudeness of the model, e r ro r s  o f  t h i s  magnitude are perhaps reasonable. 

ever,  the  systematic f a i l u r e  of the  theory t o  give the  correct  t rend  with 

increasing f u e l  molecular weight, casts doubt on t h e  a b i l i t y  of t h i s  model t o  

provide a r e l i a b l e  framework f o r  combustion chamber calculat ions,  where opera- 

t i n g  pressures  and droplet  diameters a re  markedly d i f f e r e n t  from those employ- 

ed i n  the present  inves t iga t ion .  

How- 

The da ta  of Hottel ,  e t  a l , 3  a l so  exhib i t s  t h i s  type of f a i l u r e  with 

respect  t o  molecular weight f o r  somewhat heavier pa ra f f in  hydrocarbons than 

those considered i n  the  present inves t iga t ion .  

mental r e s u l t s  of Ref. 3 a re  given i n  Table 111. While both the  d e t a i l s  of 

t he  theory and t h e  experiment of Ref. 3 a re  d i f f e r e n t  from the  present  invest-  

iga t ion ,  t h e  t rends a re  q u a l i t a t i v e l y  t h e  same; 

l i t t l e  change i n  the  burning rate with 

while t he  measurements show a monatonically decreasing burning rate with . 

increasing-  molecular weight. 

t i on ,  the  theory considerably overestimates t h e  burning rate when the  

log mean temperature is  used t o  evaluate  gas phase proper t ies .  

Some theo re t i ca l  and experi-  

The Predict ion ind ica tes  

hydrocarbon molecular weight, 

Furthenpore, as  i n  the  presen;. invest iga-  



39 

n 
0 
Q) cn 

(\I 

E 
0 
M 

M 
0 
X x 
a 
W 

25.0 
e FLAT FLAME BURNER TESTS 

0 ZERO-G TESTS T,=297 O K  

20.0 

15.0 

10.0 

8.0 

6.0 

4.0 
4.0 6.0 8 .O 10.0 15.0 20.0 25.0 

CALCULATED K x to3 (cm2/sec) 

Fig .  15 Comparison of Computed (Method B) and Measured Burning Rate Con- 
s t a n t s  f o r  a l l  Test Conditions. 



TABLE 111: THEORETICAL AND EXPERIMENTAL RESULTS FROM HOTTEL, ET AL3 

ON THE BURNING RATES OF HEAVIER PARAFFINS 

Fue 1 

Cetane 

E i  cos me 

Wax 
(n-hexacosane?) 

Formula 

'16"34 

'20H42 

C26H54 

Measured I P r e d i c t e d  

/ .  .--6 mol I *,. . . - -6  gmol 
r .  A" UL." . 

sec cm I 
- ' 1' x 1u " 
see cm 6.1 Y ' 1 '  

I 

5 . 7  22.1 

4.7 21.7 

P 
0 
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Thus the  f a i lu re  with molecular weight appears t o  be real, and not  

j u s t  a c h a r a c t e r i s t i c  of the present experimental technique. 

ing, the possible  r o l e  of var iable  propert ies  and gas phase f u e l  decomposition 

w i l l  be considered as possible  explanations of t h i s  phenomena. 

In t h e  follow- 

With increasing f u e l  molecular weight, propert ies  such as p D ,  e tc .  

have an increasing var ia t ion  i n  the gas phase. This could cause, a systematic 

e r r o r  with increasing f u e l  molecular weight f o r  the present canstant  property 

solut ion e 

Variable property e f f e c t s  a r e  most e a s i l y  examined f o r  the case of 

negl igible  ambient oxygen concentration. This i s  acceptable s ince Fig. 13 

shows t h a t  the  oxygen concentration does not  exer t  a s t rong influence on the  

trends with respect  t o  molecular weight. 

The analysis  assumes quasi-steady spher ica l ly  symmetric flow, l i q u i d  

phase i n s o l u b i l i t y  of the ambient gas, no decomposition of the f u e l  and steady 

evaporatian a t  the  wet bulb temperature of the droplet .  

the  energy equation takes the following form 

For these conditions 

1 2  

2 dT 
d r  Ar - = m (hF - hFR + hfg) (401 

subject  t o  the  boundary conditions 

r = r  & ,  T = T R ;  r + = ,  T = T a  (411 

K = Sm/r,p, (42) 

The burning r a t e  constant is  given by the  following equation, 

A t  t h i s  l imit ing condition, gas phase diffusion charac te r i s t ics  (with 

t h e i r  possible  molecular weight e f f e c t )  may influence the  solut ion i n  two ways. 

F i r s t  of a l l ,  X may depend on the loca l  composition as well as the  temperature. 

However, t h e  property r e l a t i o n s  i n  the Appendix show t h a t  it is  a very good 

assumption t o  neglect the e f f e c t  of composition on X ,  s ince the  thermal conduc- 

t i v i t y  of the  heavier hydrocarbons is  almost i d e n t i c a l  t o  t h a t  of the ambient gas. 
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Secondly, the d i f fus ion  cha rac t e r i s t i c s  influence the  value of t he  

fuel mass f r a c t i o n  a t  the  droplet  surface for steady evaporation. 

tu rn ,  a f f e c t s  the  l i qu id  temperature, p R  and h 

Clapeyron r e l a t ion .  

due t o  the  non- l inear i ty  of the Clausius. - Clapeyron r e l a t ion .  For most 

mater ia ls ,  r a the r  small l i qu id  temperature var ia t ions  cause r a the r  la rge  

composition changes. 

bo i l ing  poin t  temperature (with pR,  hfg, e t c .  a l s o  evaluated a t  t h e  bo i l ing  

point)  

This, i n  

through the Clausius - 
fg  

However, t h i s  e f f e c t  i s  not  large a t  moderate pressures ,  

Therefore, with l i t t l e  e r r o r ,  TR may be taken as the  

10 

With these  assumptions, Eqs. (40) t o  (42) may be solved f o r  the  burn- 

ing r a t e  constant without considering t h e  so lu t ion  of the  d i f fus ion  equations. 

Goldsmith and P e n ~ ~ e r , ~  have presented a f a i r l y  r e a l i s t i c  var iab le  property 

so lu t ion  of t h i s  problem. They make the  following assumptions with regard 

t o  the  temperature dependence of X and CpFo 

, 

A = X R  (T/TR3 (43) 

CpF = a + bT (44) 

The so lu t ion  of t he  equations then y ie lds  the  following expression 

burning r a t e  constant 

f o r  t he  

4 

J 

where 

5 = {a2 - 2b 

This so lu t ion  

so lu t ion  f o r  heptane 

D Chfg - a Ti} - - 2 (46) 

has been compared with t h e  present constant property 

and hexadecane evaporation at an: ambient temperature 

of 2530'K. The physical parameters employed i n  the var iab le  property calcu- 

l a t i o n  are tabulated i n  Table I V .  

physical  property correlat ions 

These parameters were evaluated from the  

given i n  the  Appendix. 



TABLE I V :  PHYSICAL PARAMETERS EMPLOYED I N  THE VARIABLE PROPERTY CALCULATIONS 

N -HEPTANE 2530 62.5 1 .0  

N-HE WECANE 2530 62.5 1 . 0  

FUEL 

N-HEPTANE 

N - HE XADECANE 

cal  
fg -E T ~ O  K h 

372 75.6 

5 60 54.2 1 

gm cal  - tal 
p R  3 '1  cm sec O K  fg -E cm 

FUEL T ~ O  K h 

N-HEPTANE 372 75.6 .611 73  x 

N - HE XADECANE 5 60 54.2 ,569 110 x 

- gm 
p R  3 cm 

.611 

,569 

cal  
'1  cm sec O K  

73  x 

110 x 

ea1 b- cal 
p 0 K 2  

a 

.44 

.44 . 4  .44 . 4  

TABLE V:  COMPARISON OF VARIABLE AND CONSTANT PROPERTY CALCULATIONS 

I 1 I 2 cm * 
KVP sec 

9 . 7  

1 2 . 3  

10 .9  1 1 0 . 2  
I 
I I 

1 3 . 7  10-3 1 12.9  10-3 1 
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Table V shows the  computed r e s u l t s  f o r  the  var iab le  and constant pro- 

The d i f fe rence  between the  two methods amounts t o  about 6% per ty  so lu t ions ,  

f o r  these conditions.  Therefore, i n  t h i s  case,  the  simpler constant property 

so lu t ion  gives an1 adequate representat ion of var iab le  property e f f e c t s ,  

These r e s u l t s  ind ica te  t h a t  a r e a l i s t i c  var iab le  property so lu t ion  

a l so  exhib i t s  t he  same f a i l u r e  with respect  t o  increasing fue l  molecular 

weight as t h e  constant property so lu t ion .  Therefore, the  inclusion of va r i -  

able  proper t ies  does not provide an explanation of the  f a i l u r e  of  t h e  theory 

f o r  t he  l a r g e r  fue l  molecules, 

The evaluation of gas phase fue l  decomposition e f f e c t s  can only be 

under taken q u a l i t a t i v e l y  due t o  t h e  g rea t  complexity of these  processes.  

Even f o r  r e l a t i v e l y  simple molecules l i k e  methane and ethane, many 

aspects o f  t he  decomposition process a r e  not f u l l y  understood. 28-32 

Some information i s  avai lable  on the  r a t e  of disappearance of the  o r i -  

g ina l  molecule f o r  the  heavier  hydrocarbons. 32’33 This da ta  was obtained fcm 

the  most p a r t  i n  pyrolysis  experiments-in the  absence of oxygen and oxidation 

products. 

influence the  decomposition process,  30-32 the  r e s u l t s  a r e  only q u a l i t a t i v e l y  

correct  when applied t o  the  present experiment. 

Therefore, s ince  it i s  known t h a t  oxygen containing species  can 

If decomposition e f f e c t s  a r e  t o  influence droplet  evaporation r a t e s ,  

two factors must be s a t i s f i e d .  First of a l l ,  t h e  reac t ion  must be fast enough 

t o  cause s i g n i f i c a n t  decomposition of t h e  f u e l  as it d i f fuses  from the  drople t  

toward the  ambient flow. 

process must act t o  reduce the hea t  f l ux ,  and thus the  evaporation r a t e ,  a t  t h e  

droplet  sur face .  

at temperatures well  below the ambient temperature ( fo r  evaporation) o r  t h e  

flame temperature ( fo r  combustion). 

Secondly, t he  energy requirements, of t h e  decomposition 

Both requirements a re  met i f  the  f u e l  r eac t s  endothermically 
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The r a t i o  of t he  c h a r a c t e r i s t i c  d i f fus ion  time ( fue l  residence time 

i n  the  boundary layer)  and the  c h a r a c t e r i s t i c  chemical react ion time pro- 

vides a convenient measure of t he  ex ten t  of react ion.  When the  parameter 

is  la rge ,  it i s  implied t h a t  s ign i f i can t  react ion takes  place.  

absence of convection, thtis parameter takes  t h e  form k r i  /D.  

In the  

2 

For present  purposes, it is s a t i s f a c t o r y  t o  assume t h a t  t h e  i n i t i a l  

decomposition is  f i r s t . o r d e r ,  30' 32 although i n  certain ranges a more cow 

p l i ca t ed  pressure dependence may be observed. 31 

s p e c i f i c  rate constants a r e  given by G r i ~ w o l d , ~ ~  f o r  a number of paragfin 

Under t h i s  assumption, 

hydrocarbons. Although t h i s  da ta  i s  o ld ,  more recent  measurements f o r  a 

more l imited number of substances,  given i n  Ref. 30, are i n  reasonably 

good agreement with the  earlier work. 

Using the  da ta  given i n  Ref. 32, and di f fus ion  coef f ic ien ts  com- 

puted i n  t h e  Appendix, t h e  order of magnitude of re2k/D was computed f o r  a 

1OOOp diameter droplet.. The r e s u l t s  may be tabulated as  follows: 

__I Fue 1 gkrg2/D) 
Methane 10-5 

Ethane 10-2 

Propane 10-1 

Hexane 1 

Gas o i l  10 
2 The value of k r  /D var i e s  very s t rongly  with temperature. 

t u r e  of 1300'K was used i n  t h e  tabula t ion ,  as a typ ica l  average temperature 

A gas tempera- R 

i n  the  boundary layer  f o r  t h e  present  t es t  condi t ions,  The decomposition 

cha rac t e r i s t i c s  of gas b i l  was taken as representa t ive  of t he  heavier  hydro- 

carbons due t o  the  abs-ence of o ther  data .  
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The tabula t ion  shows t h a t  there  i s  a progressive increase i n  t h e  speed 

of the  i n i t i a l  decomposition react ion as the  molecular weight of  t h e  fue l  

increases .  

t he  heavier hydrocarbons would be expected t o  undergo s ign i f i can t  decomposi- 

The magnitudes of the  numbers a re  questionable,  but as  they s tand,  

t i o n  f o r  these  conditions.  

Similar  r e s u l t s  would a l so  be obtained f o r  conditions i n  many combus- 

t i on  chambers. The drople t  sizes i n  sprays a re  general ly  smaller than 1OOOl.i. 

However, t h i s  can be o f f s e t  by combustion chamber pressures g rea t e r  than one 

atmosphere. For example, the  tabula t ion  would be e s s e n t i a l l y  the  same f o r  

3 0 0 ~  drople ts  a t  10 atm., and decomposition e f f e c t s  would become even more 

important a t  higher pressures .  

Following the i n i t i a l  decomposition, a large number of intermediate 

species a re  formed, making the  spec i f i ca t ion  of  an overa l l  reac t ion  very 

d i f f i c u l t .  In the  absence of any oxygen, equilibrium thermodynamic calcu- 

l a t ions  ind ica te .  t h a t  'CH4, C2H2,  C2H4$ H2,  C2H, H and s o l i d  carbon are  

34 major product species a t  temperatures i n  the range 1000 - 2500'K. 

While there  i s  disagreement concerning the  d e t a i l s  of hydrogen decom- 

pos i t ion  and carbon formation, it is  generally agreed . that  unsaturated hydro- 

carbons and radicals a re  formed by thermal cracking and dehydrogenation. 

Radical recombination becomes important i n  the  l a t e r  s tages ,  forming very 

large polymeric molecules which with increasing molecularcweight, and contin- 

uing dehydrogenation, approach the  proper t ies  o f  carbon 28 '29  

cha rac t e r i s t i c s  have been observed i n  shock tube s tudies ,34 as well as i n  

de t a i l ed  probing of gaseous d i f fus ion  flames, 

These general  

35 

In order  t o  estimate whether such reac t ive  processes could cause a 

s ign i f i can t  reduction i n  evaporation r a t e s  it is necessary t o  s implify both 

the e f f e c t i v e  overa l l  mechanism and the  s p e c i f i c  reac t ion  r a t e .  While many 

mater ia ls  a r e  involved, y ie lds  of acetylene and hydrogen are  high f o r  temp- 



47 

eratures  g r e a t e r  than 1000°K. Since t h e  formation of these materials i s  qui te  

endothermic, these decomposition products w i l l  be considered i n  t h e  following 

discussion. Another i n t e r e s t i n g  l i m i t  is  t o  assume t h a t  the f i n a l  products 

a re  hydrogen and s o l i d  carbon, although the  formation of s o l i d  carbon occurs 

b 33 much more slowly than t h e  i n i t i a l  decomposition. 

With regard t o  the  react ion r a t e ,  an upper bound t o  the thermal e f f3c t  

i s  obtained i f  it i s  assumed t h a t  the reac t ion  takes place a t  the  droplet  sur- 

face,  Under these conditions,  the  energy of  decomposition becomes a p a r t  of 

Taking the  case of negl igible  ambient 
f g  

the  t o t a l  energy of gas i f ica t ion ,  h 

oxygen concentration and allso assuming t h a t  gas phase propert ies  a r e  constant,  

the  following expression may be obtained f o r  the dimensionless steady evaporac 

t i o n  rate. 12  

A t  atmospheric pressure:, h = 54,3 caP/gm f o r  n-hexadecane i n  the  absence 
fg  

of decomposition, 

i f  acetylene and hydrogen are  the  major products; and h = 300 cal/gm i f  

s o l i d  carbon and hydrogen a r e  taken as the  products. 'With Cp (Tm - Ta) taken 

as 2000 calldgm, a typicall value f o r  the present invest igat ion,  the  RHS of Eq, 

(47) becomes 3 , 6 4  f o r  no decomposition, 2,04 f o r  carbon as the  product and 

.62 f o r  acetylene as the  product. 

can cause a s i g n i f i c a n t  reduction i n  evaporation r a t e s .  Naturally,  these 

changes a r e  upper bounds and the e f f e c t  would be smaller when reac t ion  i s  

d is t r ibu ted  throughout the  gas phase, 

Assuming decomposition a t  the  surface,  h = 2350 cal/gm 
f g 

fg 

These r e s u l t s  ind ica te  t h a t  decomposition 

From t h i s  discussion, i t  appears t h a t  decomposition e f f e c t s  have 

grea te r  promise than var iab le  property e f f e c t s  as t h e  mechanism causing d i f f i -  

cul t ies  with the  theory f o r  heavier hydrocarbons. 

appear t o  be fast  enough f o r  the  heavier hydrocarbons, and the energy require- 

ments of some o f  the s teps  are s u f f i c i e n t l y  endothermic t o  cause a s i g n i f i c a n t  

Chemical react ion rates 
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reduction of the  evaporation r a t e .  

appears t o  be warranted i f  r e l i a b l e  methods of computing droplet  lifetimes are 

t o  be obtained f o r  high pressure combustion systems, p a r t i c u l a r l y  those using 

high molecular weight fue l s .  

Certainly fu r the r  study o f  t h i s  phenomena 
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DROPLET LIFETIMES 

The use of Eqs. ( l l ) ,  (18) and (231 t o  give instantaneous hea t  and 

mass transfer r a t e s  a t  the  droplet  presupposes the  presence of an ac t ive  

combustion zone. 

heat-up per iod,  the  time of gas phase ign i t i on  must be shor t  i n  comparison 

t o  the  heat-up t i m e  of t he  drople t .  

Thus, f o r  t h i s  formulation t o  be appropriate during the  

For very small droplets  a t  low ambient temperatures and pressures ,  

i gn i t i on  can occur l a t e  i n  the  gas i f i ca t ion  period of t he  droplet  (o r  not 

at a l l ) .  

and N i ~ h i w a k i ~ ~  show t h i s  type of behavior. 

were i n  the  range 670 - 1000°K and the  r e s u l t s  i nd ica t e  t h a t  i gn i t i on  occurred 

some time a f t e r  t he  i n i t i a l  heat-up period of the  drople t .  

9 Experiments conducted i n  a i r  a t  atmospheric pressure by Kobayasi 

Gas temperatures i n  these tests 

More extensive t e s t i n g  by Faeth and Olson,37 ind ica tes  t h a t  the time 

of i gn i t i on  is  not p a r t i c u l a r l y  r e l a t ed  t o  the  end of t he  heat-up period, but 

is  a complicated function of droplet  diameter, ambient temperature, ambient 

pressure and f u e l  type, 

and Parge drople t  diameters favor ign i t i on  ea r ly  i n  the  heat-up per iod,  

In general ,  high ambient temperatures and pressures 
37 

Extrapolation of  t he  r e s u l t s  of Ref. 37 t o  t h e  present t e s t  conditions 

ind ica te  droplet  i gn i t i on  should occur very ea r ly  i n  the  heat-up period. 

This estimation was checked experimentally by observing the  time when a lumin- 

ous zone appeared around the  drople t ,  fbllowing i ts  immersion i n  the  hot 

burner gas. For  these  tests, dark f i e l d  cine photographs were taken of the  

drople t .  

using T r i - X  negative f i l m .  

The camera was operated at approximately 150 p ic tures  pe r  second 

The measured time of the  appearance of luminousity f o r  a-variety of 

conditions i s  t a b t l a t e d  i n  Table V I .  I t  should be noted t h a t  these  r e s u l t s  

probably only represent  an upper bound f o r  the  time required t o  e s t ab l i sh  an 

ac t ive  combustion zone. For the  more v o l a t i l e  fue l s ,  luminousity was observed 



TABLE V I :  RATIO OF TIME OF LUMINOSITY TO HEAT-UP TIME 

FOR VARIOUS HYDROCARBONS, Tw = 2S30°K, Vw = 6 2 . 5  cm/sec. 

N-HEPTANE 

ISO-OCTANE 

Yx = 0.0455 

1412 .013 

1348 .013  

FUEL 

N-DECANE 1575 .025 

HEXADECANE 1366 .300 

1 

0 .os9  

0 .086  

0 . 0 9 3  

0 . 1 4 3  

I Yx = 0.2269 

1318 

1450 

15 33 

1600 

Yx = 0 .3713  

.013 

~ 

.006 

,013 

.230 

0 .206  

0 . o s 1  

0.099 

0 . 1 4 3  

- OBSERVED TIhE OF IGNITION (sec) i t 

- COMPUTED HEAT-UP TIME (sec) ‘H 
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one or  two frames a f t e r  t he  immersion of t he  droplet  i n  the  high temperature 

gas causing a large uncer ta in i ty  i n  the  ac tua l  time of luminosity. A second 

f a c t o r ,  p a r t i c u l a r l y  evident f o r  the  less v o l a t i l e  f u e l s ,  was t h a t  t he  in -  

t ens i ty  of  t h e  luminousity increased gradually as  t h e  droplet  continued t o  

heat  up, as opposed t o  an abrupt appearance of l m i n o u s i t y  typ ica l  of many 

ign i t ion  processes.  This suggests t h a t  luminousity was detected when the  

f u e l  concentration, and thus droplet  temperature, was high enough t o  give 

light; of enough i n t e n s i t y  t o  expose the f i l m .  

t i o n  zone may have been present some time before i ts  actual  detect ion as a 

luminous zone on t h e  f i l m .  

Therefore, an ac t ive  combus- 

Table V I  a l so  lists the  r a t i o  of the time of luminousity t o  the  heat-  

up time of t he  droplet .  

time required f o r  t he  droplet  t o  complete 95% of the  temperature r ise t o  the  

wet bulb s ta te .  In order t o  be conservative,  these computations assumed the  

presence of an ac t ive  combustion zone throughout the  heat-up period s ince  

t h i s  a s ~ e ~ m p t i ~ n  gives t h e  minimum heat-up t ime, 

The heat-up time was computed by method B, as the  

The r a t i o  o f  the  time of  Buminousity t o  t h e  heat-up time shown i n  

Table V I  ind ica tes  t h a t  combustion e f f e c t s  appear qu i t e  ea r ly  f o r  t he  condi- 

t i ons  of these tests.  Pa r t i cu la r ly  i n  view of the  fact t h a t  the  measured 

r a t i o  is only an upper bound. Therefore, it appears reasonable t o  assume 

t h a t  an ac t ive  cornbustion zone was present throughout the lifetime of the  

droplet ,  f o r  these high ambient temperature conditions.  

Comparisons of t heo re t i ca l  and experimental l i f e  h i s t o r i e s  f o r  

n-heptane, n-decane and n-hexadecane drople t s  a re  shown i n  Figs. 16, 17 ,  and 

18 f o r  two d i f f e r e n t  ambient oxygen concentrations.  

based on method B, allowing f o r  l i qu id  phase property var ia t ions  with time. 

The predict ions a re  
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a 

0.6 c 
Po = I otm 

V a  = 62.5 crn/sec 
Yx,, = 0.3713 

V a  = 62.5 cm/sec 

0.8 - 1.0 I .2 I .4 
TIME ( s e d  

Fig. 16 n-Heptane Droplet Life His tor ies  a t  Various Ambient Oxygen 
Concentrations. 
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V a  = 62.5 cmlsec 

Ta, = 2530 Ok 
dlo  ~ 1 5 3 2 ~  

Po = I  atm 
V, = 62.5 cmlsec 

yx* = 0,0455 

dlo  = l573p 
Ta, = 2530Ok 

0.2 0.4 0.6 0.8 I .o 1.2 6.4 0 0 
TIME ( s e d  

17 n-Decane Droplet Life Hi s to r i e s  a t  Various Ambient Oxygen Concen- 
t r a t i o n s .  
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Po = I  atm 
V, = 62.5 cm/sec 

Yxco =0.37 13 
Ta =253O0K 
d,, = 1600~ 

= I a f m  

Va = 62.5 cm/sec 

Yxco =0.0455 

Ta = 2530OK 

dgo = 1 3 6 2 ~  

Fig. 18 

0.2 0.4 0.6 0.8 
T I M E ( s e c )  

I .o I .2 I .4 

n-Hexadecane Droplet Life His tor ies  a t  Various Ambient Oxygen 
Concentrations. 
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In general ,  the  results are qu i t e  good f o r  n-heptane, with t h e  qua l i t y  

of the  pred ic t ion  progressively decreasing f o r  the  heavier  hydrocarbons. 

This behavior is perhaps t o  be expected, s ince  the  theory gives a good pre- 

d i c t ion  of steady burning r a t e  of n-heptane due t o  a fo r tu i tous  crossing of 

t he  theo re t i ca l  and experimental burning rate curves a t  t h i s  point  (Fig. 14) .  

For the  heavier  hydrocarbons, t h e  theory progressivley overestimates the  

burning r a t e  (Fig. 14),  which is  r e f l ec t ed  i n  the  poorer l i f e t ime  predict ions 

f a r  n-decane and n-hexadecane (Figs,  1 7  and 18) 

As t he  fue l  v o l a t i l i t y  decreases,  t h e  temperature o f  the  l i qu id  a t  

t h e  wet bulb state increases .  

increasing temperature, t h i s  causes increased swelling of t he  drople t  during 

the heat-up period f o r  t h e  heavier hydrocarbons. 

Due t o  the  reduction i n  l i qu id  densi ty  with 

The theory is  seen t o  overestimate the  degree of swelling f o r  a l l  th ree  

fue l s .  This is  probably due t o  the  assumption of a uniform droplet  tempera- 

t u r e  at each i n s t a n t  of time. I t  has been es tab l i shed  f o r  these t e s t  cohdi- 

t ions  t h a t  there  are s i g n i f i c a n t  temperature gradients  within the  drople t  

during the  heat-up period.23 

bution in t h e  Piquid phase ac t s  both to reduce the  degree of swelling f o r  

given surface temperature and t o  shorten the time required f o r  the  drople t  

surface t o  Teach temperature leve ls  near  t he  wet bulb s t a t e .  23924 Both of 

these e f f e c t s  act t o  reduce the predicged droplet  diameter a t  any time 

during the  heat-up per iod,  Therefore, a complete t r ans i en t  analysis  should 

y i e ld  a b e t t e r  pred ic t ion  of t he  droplet  diameter va r i a t ion  i n  the  ea r ly  

s tages  of combustion, but  with. a r a t h e r  large inc rease" in  computational com- 

p 1 exi  t y  

A t r ans i en t  analysis  of the  temperature d i s t r i -  
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The experimental results show t h a t  t he  length of t he  heat-up period 

is  reduced as the  ambient oxygen concentration is increased. 

models t h i s  e f f ec t  reasonably well. 

n-hexadecane, Fig,  18, s ince  the  higher wet bulb temperature of t h i s  fuel  

extends the  length of t he  heat-up period. 

The theory 

This phenomena is  bes t  i l l u s t r a t e d  with 
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SUMMARY AND CONCLUSIONS 

The present  inves t iga t ion  has considered the  heat-up and steady 

burning of a va r i e ty  of f u e l  droplets  i n  a flbwing combustion.gas environ- 

ment. The da ta  obtained i n  t h i s  inves t iga t ion  should be useful  i n  checking 

analyzical  models f o r  combustion chamber performance calmiLations s ince  thz  

present experiment provides a reasonalily good simulation o f  combustion 

chamber conditions ., 

A s impl i f ied  theo re t i ca l  model was developed which y ie lds  an estima- 

t i o n  of drople t  heat  and mass t r ans fe r  r a t e s  during heat-up as well  as a t  the 

steady burning condition. This so lu t ion  divides  the  gas phase i n t o  regions 

i n t e r i o r  and ex te r io r  of  t h e  reac t ion  zone wish constant average proper t ies  

i n  each region. The model gave t h e  b e s t  r e s u l t s  when proper t ies  were evalu- 

ated a t  t he  log mean average temperature and average composition i n  each 

region, with an e f f ec t ive  heat of reac t ion  allowing f o r  d i ssoc ia t ion ,  no 

assumption of uni ty  Lewis number and convection correlated on the  bas i s  of 

approach conditions 

The constant average property so lu t ion  was compared with t h e  var iab le  

property so lu t ion  given by Goldsmith and Pennm,4 f o r  the  case of  steady 

evaporation with a negl ig ib le  ambient oxygen concentration. 

were found t o  agree within a few percent.  

The two methods 

Comparison of t he  theory with experimental steady burning r e s u l t s  

showed reasonably good agreement f o r  t he  l i g h t e r  hydrocarbons. 

increasing hydrocarbon molecular wgight, t h e  theory grogressivkly-*ovsr- . * 

estimates the  burning r a t e s  with e r ro r s  as high as  40% f o r  n-hexadecane.. 

Qua l i t a t ive  calculat ions ind ica te  t h a t  f u e l  decomposition between the  droplet  

surface and the  oxidation zone (or  the  ambient g a s - i n  the case of  evaporation 

However, with 
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without combustion) might be the cause of this behavior. 

higher pressures should help to resolve this question since decomposition 

effects are more important under these conditions. 

Further testing at 

Luminousity was observed very early in the heat-up period of the droplet 

for the present test conditions. 

data, the assumption was made that an active combustion zone was present 

throughout the life of the droplet, i.e., negligible ignition delay. The 

validity of this assumption under complete combustion chamber conditions, 

where droplet sizes are smaller and initial relative velocities are higher 

than those of the present investigation requires further examination. 

Therefore in analyzing the droplet lifetime 

The comparison between theoretical and experimental droplet life 

histories was similar to the burning rate results. 

ably good for the lighter hydrocarbons, but the quality of the solution pro- 

gressively deteriorated with increasing fuel molecular weight. 

also suggested that a complete transient analysis of the temperature distribu- 

tion in the liquid phase would improve the solution during the heat-up period. 

The prediction was reason- 

The results 

Unfortunately, a complete transient solution f o r  the liquid phase would also 

greatly complicate system calculations for estimating combustion chamber per- 

formance - 
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Appendix - A: Physical Propert ies  

A l .  Gas Phase Propert ies  

Thermal conductivity - and s p e c i f i c  hea t  

The gas phase thermal conduct ivi t ies  and s p e c i f i c  heats  were correlated 

with the  following equations 

h = C 1 + C 2 T  (BTU/hr f t  OR) (A- 1) 

Cp = C3 + C4 T (BTU/lbm OR) (A-2) 

where temperature is i n  degrees Rankine. The constants i n  Eqs. (A-1) and 

(A-2) a re  tabulated i n  Table V I I .  The combustion products a re  t r ea t ed  as 

a s ing le  species whose proper t ies  are averaged f o r  an equimolar mixture 

of  carbon dioxide, ni t rogen and water vapor. 

Density 

The idea l  gas equation was used t o  compute gas density.  

P = p W/RJ (A-3) 

The molecular weight was computed f o r  t he  averake composition of each 

region. The temperature was taken t o  be the  log mean average' temperature 

i n  each region. 

Diffusion Coeff ic ient  

Ef fec t ive  d i f fus ion  coef f ic ien ts  €or Regions A and B were computed 

according t o  a method derived by Wilke (40) f o r  f u e l  d i f fus ing  through 

the  combustion products i n  Region A and oxygen d i f fus ing  through combus- 

t i o n  products i n  Region B. Binary d i f fus ion  coef f ic ien ts  f o r  t h e  d i f fus -  

ing species and each of t he  other  species  required by t h i s  method were 

computed by the  Slat tery-Bird cor re la t ion  as given i n  Reference (39) .  

The r e su l t i ng  cor re la t ions  a re  given as ,  



TABLE V I I :  Constants i n  Equations A 1  and A2 

Component 

Methane 

Propane 

N Pentane 
N Heptane 
N Octane 

Is0 Octane 
N Decane 
N Tridecane 

N Hexade cane 

Methanol 
Ethanol 

Butanol 

Hep tan0 1 

Decanol 

Oxygen 

Combust ion Products 

3 c1 x 10 

0 

0 

-6.6 

-6.06 
-6.42 

-6.42 

-6.60 

-7.40 

-7.46 

-15.2 
-28.0 

-30 .O 

-26 .O 

-22 .o 

11 .o 

0 

6 c2 x 10 

55.4 

39 .O 

28.5 
26.75 
27 .O 

27.0 

26.3 
26 .O 

26 .O 

47.7 
60 .O 
64.0 

47 .O 

48 .O 

17.78 

26.5 

T < lOOO'R 

0.310 

0.103 

0.085 
0.094 
0.095 

0.095 

0.097 
0.084 

0.0935 

0.236 
0.163 

0.140 

0.120 

0.100 

0.2248 

0.2612 

3 c4 x 10 

0.432 

0.566 
0.575 
0 5 5 6  

0.554 

0.554 

0.550 
0.567 
0.548 

0.264 
0.392 

0.430 

0.390 

0 .so0 

0.019 

0.043 

1000 <T< 1700'R 

c3 

0.312 

0.312 
0.318 
0.3185 
0.3136 

0.3136 

0.314 
0.322 
0.3126 

0.450 
0.305 

0.270 

0.120 
0.286 

0.2248 

0.2612 

3 :4 x 10 

~ 

0.428 

0.358 
0.342 

0.338 
0.340 
0.340 

0.336 
0.328 
0.333 

0.136 

0.205 
0.300 

0.390 
0.314 

0.019 

0.043 

T > 1700'R 

1 c4 x l o3  "i- 
0.598 

0.564 
0.586 

0.600 
0.605 

0.605 
0.585 
0.608 
0.619 

0.819 
0.543 

0.542 

0.644 

0.548 

0,2248 

0.2612 

0.260 

0.210 
0.185 

0.176 

0,170 
0.170 
0.175 
0.160 
0 e 160 

0.062 
0.110 

0.140 

0.080 

0.160 

0.019 

0.043 
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- (T/ 1.8) /p f t 2 / h r  
2.334 

0.511 C1 + C2 (T/1.8) DA - 

and 

/p  f t 2 / h r  - (T/1.8) 334 
0.511 c3 + c4 cr / l .8> 

DB - 

(A-4) 

(A-5) 

The constants are tabulated on Table VIII. Temperatures a re  i n  degrees 

Ranking and pressures i n  atmospheres. 

A2 e hiquid Phase Properties 

Qensi t y  

P R  = c1 - c2 TR ~ b ~ / f ~ ' ~  

SDecific Heat 

C- = Cg + C4 TR BTU/lbm O R  

Pa 

He at  of  V ap o r  i z a t  ion 

h = C5 (1 - Tr) O a 3 '  BTU/lbm 
fg 

Vapor Pressure 

-1 
'v = '6 exp (Ta/C7 - C 8 )  atm 

(A-7) 

(A-9) 

The constants for the above equations are tabulated i n  Table I X .  

Crit ical  temperatures used i n  the reduced temperature, T,, of Eq. (A-8) 

are  a l so  given. Liquid temperatures i n  the above equations a r e  i n  degrees 

Rankine 

dea t  of Reaction 

The standard heat  of react ion was taken t o  be the lower heating 

value of  the f u e l .  The e f fec t ive  hea t  of react ion was computed as the  

energy required t o  hea t  the combustion products (assumed t o  be H 0 and 2 
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TABLE VIII: CONSTANTS I N  EQUATIONS A4 AND A5 

Diffusing 

Component 

Methane 

Propane 

N - Pen t ane 

N-Heptane 

N - 0  c t  ane 

Is 0- Octane 

N- De cane 

N-Tridecane 

N-Hexadecane 

Methanol 

E thano 1 

But an0 1 

Heptanol 

Decanol 

c1 

2.104 

3.745 

4.904 

5.880 

6.316 

6.041 

7.127 

8.190 

9.138 

4.306 

4.439 

5.246 

6.548 

7.335 

c2 

0.274 

0.563 

0.767 

0 933 

1 006 

0.973 

1.140 

1.311 

1.464 

0.458 

0.571 

0.763 

1 003 

1.160 

c3 
x 

20.351 

17.444 

16.651 

16.281 

16.161 

16.141 

15 e 990 

15.829 

15.726 

20.351 

18.316 

19,960 

16.281 

15 990 

c4 

2.940 

3.197 

3.268 

3.301 

3.311 

3.311 

3.326 

3.341 

3,350 

2.940 

3 120 

3.240 

3.301 

3.326 



TABLE IX: CONSTANTS I N  EQUATIONS A6 TO A9 

I -  

Component 

Me thane 

Propane 

N Pentane 

N Heptane 

N Octane 

Is0 Octane 

N Decane 

N Tridecane 

N Hexadecane 

Me t h  an0 1 

E t h  ano 1 

Butanol 

Hept an0 1 

De c an0 1 

c1 

36 , l  

52,8 
56.4 

58.8 

60.8 

58.9 

60.05 

62.8 

64.1 

67.8 

65.6 
62.3 

63 ‘3 
64.3 

c2 
3 XI0 

48.4 

40 ,O 

32,8 

30.8 
30,s 

29.75 

27.5 

28A4 

28.1 

35 ,O 

31 .O 

22 ‘5 

23 ,O 

23 ‘5 

.. .” , . 

c3 

0.223 
0.21s 

0.219 

0.275 

0.228 

c4 
3 

X I 0  

0 r590 
0.590 

0.582 
0.568 

0 ;530 

C- 5 

281 .O 

305 .O 

231 .O 

212 .o 
205 .O 

177.5 

192 .O 

180 .O 

171.5 

715 .O 

570 .O 

400 .O 

301 .O 

279 .O 

‘6 

343 .O 

666 : O  

845.6 

972.3 
1024.9 

979.8 

1114 .O 

1219 .O 

1305 .O 

924 .O 

922 .O 

lo08 .O 

1150 .O 

1180.0 

1667 .O 

8650 .O 
9130 .O 

10531.4 
h 0 8 0  .O 

8536.5 

11780 .O 

12300 .O 

14100 .O 

6 0.78 x 10 

1:732 x lo6 
6 1.828 x 10 

3.16 x l o6  
6 1‘282 x 10 

c7 

1612 .O 

3365 .O 

4410 .O 

5255.9 
5616.5 

5213.3 
6222 :2 

6940 : 0 

7590.2 

8280 .O 

9110.0 

10100.0 
12000.0 
12720 .O 

‘8 
x10 3 

7.83 

13.39 
16.78 
19.3 
20.45 

18.16 

22.8 

25.95 

28.2 

0 .o 
0 .a 
0 .o 
0 .o 
0 .a 
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C02) from 298'K t o  the  flame temperature f o r  ad iaba t ic  combustion of the  

fue l  with oxygen. The ad iaba t ic  flame temperature was computed, allowing 

f o r  a l l  re levant  d i ssoc ia t ion  react ions.  The thermochemical proper t ies  

f o r  these ca lcu la t ions  were taken from Ref. 8, with t h e  exception of the  

heat  of formation of t he  fue l .  The source f o r  t h e  heat of formation may 

be fdtind i n  Table XII. The values of the standard and corrected hea t  of 

react ion a re  given i n  Table X.  

A3 Ambient Gas ProDerties 

For t he  ambient gas consis t ing of N components, t h e  mixture proper t ies  

were determined as follows: 

Spec i f ic  Heat 

N N 
c = c xi.wi cpi / c xi wi 
P i = 3  i.= 1 

where 

Cpi = C1 + C2T BTU/ i b h O ~  

Viscosity 

N 
v = c x. vi 

1 i-1 

where 

vi = C3 + C4T 

Thermal Conductivity 

N 

it1 
A = c x i  xi 

where 

hi  = C5 + C6T 

lbm/ft sec  

BTU/hr f t  O F  

(A-10)  

(A-11) 

(A- 12) 

(A- 13) 

(A-14) 

(A- 15) 
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TABLE X: HEATS OF REACTION 

MATERIAL 

Methane 

Propane 

N -Pent m e  

N-Heptane 

N-Qct m e  

N-Decane 

N-Trideeane 

N-Hexadecane 

Methanol 

Ethanol 

Butanol 

Heptanol 

Decanol 
m 

STANDARD Hc (B/lbm) 

21500 

19930 

19500 

19300 

19250 

19 175 

19080 

19050 

8580 

12800 

14220 

17 100 

17000 

CORRECTED Hc (B/  lbm) 

11590 

10150 

9 840 

9700 

9650 

9610 

95 30 

9500 

5 540 

6660 

7680 

8270 

8560 
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Dens 5 t v  

N 

i=l 
p = PG Xi Wi/RbT lbm/ f t 

Diffusion Coeff ic ient  

(A- 16) 

1 - x1 
N 

j =2 

D =  

c (Xj / ql j )  

(A- 17) 

where X1 r e f e r s  t o  t he  mole f r ac t ion  of oxygen i n  the  ambient gas mixture, 

X .  i s  the  hole f r ac t ion  of a l l  o ther  components i n  the  mixture and D i s  

t h e  d i f fus ion  coe f f i c i en t  f o r  oxygen i n  component j .  Is were ca l -  

culated from a Slat tery-Bird cor re la t ion  as:  

J 1j 
The D 

1j 

2 f t .  /sec (A- 18) 

Under decomposition conditions when oxygen was not present  i n  the  

ambient gas, t he  d i f fus ion  coe f f i c i en t  was not calculated and the  Schmidt 

number w a s  taken t o  be equal t o  the  Prandt l  number of t h e  gas mixture. 

The constants i n  Equations (A-10) t o  (A-18) a re  tabulated i n  Table 

In the  above equations, temperatures a re  i n  degrees Rankine and X I .  

pressures  i n  afmospheres . 
A4 References f o r  'Physical Propert ies  

Sources f o r  physical  p roper t ies  are  tabulated i n  Table X I I .  



TABLE XI: Cons tan t s  i n  Equat ions  A10 t o  A18 

Component 

O 2  

0 

N2 

NO 

c02 

co 

I-i2 0 

i12 

c1 

x 1 ~ 3  

248 .O 

282 .O 

281.6 

277.4 

298.0 

292.3 

583.0 

3610 ,O 

c2 
6 x10 

9 . 3  

9 . 3  

6 . 7  

4.0 

7.5 

4.7 

29 - 4  

143.2 

c3 
7 x10 

136.07 

124.3 

102.47 

131 37 

102.47 

109.19 

91.60 

72.00 

c4 
10 

X l O  

101.91 

93 .33  

87.73 

95.19 

87.73 

87.73 

97.30 

68  .OO 

5 c 

x10 3 

11 .oo 

17.40 

7.70 

8.95 

2.88 

7.74 

-11.46 

75 .oo 

‘6 

x10 6 

17.78 

17.20 

16.56 

17.73 

18.75 

17.20 

44.60 

99.80 

c7 
10 

x10 

68.15 

70 .OO 

51.30 

67.28 

0 



TABLE XI.1:. PROPERTY SOURCES AND METHODS 

Paraf f ins  

Methanol 

Butanol 

Decarlol 

Combus$ion and Ambient 
Gases (H2,  0 2 ,  e t c .  

H @e 1 -fg Pv 
- 
__c_ 

41 

44 

44 

45 

-- 

- 

H c  
- - 
41 

44 

44 
d 39 

A 

42 

43a 

4za 

43a 

43 

- 
CP - 
41 

3gb 

3gb 

3gb 

43 

1.I 

--- 

39 

39 

39 

43 

D 
- 

Eq. (A-4) 

E q .  (A-18) 

CQmputed, mefhod of Ref. (43) 

Computgd, R i h w l  a ~ d  Poraiswamy mathod, Ref. (39) 

Campuled, Stiel and Thodo3 metbod, R e f .  (39) 

Computed, mezhod QE Souders, Matthews, and Hurd, Ref. (39) 

Mwswed ip lkis l abora tmy (17 - 780 C) 

i 
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